A fundamental goal in cancer research is the identification of the cell types and signaling pathways capable of initiating and sustaining tumor growth, as this has the potential to reveal therapeutic targets. Stem and progenitor cells have been implicated in the genesis of select lymphoid malignancies. However, the identity of the cells in which mature lymphoid neoplasms are initiated remains unclear. Here, we investigate the origin of peripheral T cell lymphomas using mice in which Snf5, a chromatin remodelling-complex subunit with tumor suppressor activity, could be conditionally inactivated in developing T cells. In this model of mature peripheral T cell lymphomas, the cell of origin was a mature CD44 hi CD122 lo CD8 + T cell that resembled a subset of memory cells that has capacity for self-renewal and robust expansion, features shared with stem cells. Further analysis showed that Snf5 loss led to activation of a Myc-driven signaling network and stem cell transcriptional program. Finally, lymphomagenesis and lymphoma proliferation depended upon TCR signaling, establishing what we believe to be a new paradigm for lymphoid malignancy growth. These findings suggest that the selfrenewal and robust proliferative capacities of memory T cells are associated with vulnerability to oncogenic transformation. Our findings further suggest that agents that impinge upon TCR signaling may represent an effective therapeutic modality for this class of lethal human cancers.
Introduction
Little is known definitively about the cellular origins of cancer, as initiation occurs long before tumors become apparent. Consequently, the identity of the initiating cell is frequently speculative, based upon extrapolations from tumor cell phenotypes. However, since the selective pressure that occurs during oncogenic transformation is intense, nascent cancer cells can undergo substantial phenotypic evolution, making the validity of such extrapolations uncertain. One approach to investigate the potential origins of cancer has been to expose selected cell populations to exogenously expressed oncogenes. Such studies have shown that long-lived stem cells and early progenitor cells are capable of giving rise to cancers, although such data is not derived from spontaneously arising cancers in vivo (1, 2) . Additional support for a stem cell origin of cancer has come from findings that stem cell-and self-renewal-associated programs are enriched in multiple tumor types (1, (3) (4) (5) (6) (7) .
However, at least some cancers may arise from more differentiated cells. For instance, transduction of Ink4a/Arf -/-astrocytes with constitutively active EGFR can induce a high-grade glioma phenotype (8) . Additionally, ectopic expression of MLL-AF9 can drive transformation of both committed progenitors and cells expressing mature myeloid lineage-specific antigens (1, 9) . Consequently, the intrinsic cellular features that confer the greatest susceptibility to transformation in vivo and the mechanisms that underlie the reprogramming are largely unclear.
The SWI/SNF complex, also known as the BRG1-associated factor (BAF) complex, regulates chromatin structure and plays fundamental roles in the epigenetic regulation of gene expression and in the control of cell fate (10) . Its activity has been implicated in the maintenance of embryonic stem cell pluripotency and in enhancing the formation of iPS cells (11, 12) . Inactivating mutations in SWI/ SNF subunits are increasingly being identified at high frequency in a variety of human cancer types, including SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily b, member 1 (SMARCB1, also known as SNF5) in rhabdoid tumors, Schwannomatosis, and a familial cancer predisposition syndrome; AT-rich interactive domain 1A (ARID1A, also known as BAF250A) mutations in ovarian and endometrioid carcinomas; SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, member 4 (SMARCA4, also known as BRG1) in lung cancers; and most recently polybromo 1 (PBRM1, also known as BAF180) in renal carcinomas (10, (13) (14) (15) (16) (17) (18) . In addition to homozygous inactivation, haploinsufficiency for SWI/SNF subunits has been implicated in a number of cancers as well. The SWI/SNF complex serves specific roles in lymphoid development and may also play a role in lymphoid malignances, as 50% of T cell prolymphocytic leukemias display deletions at 22q11, the location of SNF5 (19, 20) . Also, inactivation of Snf5 in mice leads to rapid onset of mature peripheral T cell lymphomas (PTCLs) in all mice, with a median onset of only 11 weeks (21, 22) . Consequently, mutation of the Swi/Snf complex is relevant to a variety of lethal human cancers, making its underlying biology of great interest.
Despite its roles in human cancer, the mechanisms underlying the tumor suppressor activity of the SWI/SNF complex, its role in lymphoid development, and the origin of these cancers are poorly understood. The T cell compartment provides an ideal model with which to genetically pinpoint the origin of cancer and elucidate mechanisms in view of its well-characterized stepwise development from HSCs to lineages of mature T cells. In addition, unlike differentiated cells in other tissues, a subset of mature T cells, termed memory cells, can renew themselves and persist throughout the lifetime of an individual. This property is associated with expression of a transcriptional program associated with cellular self-renewal, similar to the program of long-term HSCs (23) , a cell type that has been implicated in the initiation of cancer (2, 24, 25) . The susceptibility of HSCs to transformation has been linked to their intrinsic capacities for self-renewal and proliferation, leading to our hypothesis that memory T cells, in which self-renewal is uncoupled from the stem/progenitor stage of differentiation, may be similarly susceptible to malignant transformation. Lastly, although postulated over 25 years ago (26) , the contribution of TCR signaling to the initiation and expansion of T cell lymphomas has been difficult to define and has remained speculative. Such a role would be of great interest, both because of mechanistic insight and because of the therapeutic implications. The challenge in evaluating this arises in part because immune restriction precludes such questions from being directly tested using xenotransplantation. Thus primary animal models of mature T cell lymphoma are needed, which have been lacking.
Here, we have generated a staged series of genetically engineered in vivo models in order to identify the population of cells capable of giving rise to spontaneous lymphomas that possess phenotypic markers of mature cells, to characterize the underlying mechanisms, and to evaluate the role of TCR signaling in this process.
Results

Deletion of Snf5 at a late stage in T cell development results in lymphom-
agenesis. Inactivation of Snf5 in mice using an inducible Mx-Cre transgene results in the rapid formation of mature CD3 + CD8 + CD4 -PTCLs and sarcomas with 100% penetrance and a median onset of 11 weeks (22) . To initiate investigation of the mechanism of lymphomagenesis, we crossed Snf5-conditional mice to a series of deleter strains that act at different stages during T cell developmental progression. The hCD2-Cre transgene is expressed within the earliest stem/progenitor stages of T cell development, becoming active at the common lymphoid progenitor (CLP) stage that gives rise to the B, T, and NK cell lineages; the Lck-Cre transgene is expressed during early intrathymic development as nascent T cells arrive in the thymus; and the CD4-Cre transgene is not expressed until late in thymic development, at the CD4 + CD8 + double-positive (DP) stage ( Figure 1) . Consistent with the early expression of hCD2-Cre, thymocyte precursors in hCD2-Cre floxed Snf5 mice (hCD2-Cre Snf5 fl/fl mice) already harbored deleted Snf5 genes upon their arrival in the thymus at the CD4 -CD8 -double-negative 1 (DN1) stage (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI37210DS1). This resulted in a 90% reduction in thymocyte numbers, reflecting a block at the DN3 stage of development ( Figure 2A ).
Snf5 deletion driven by the Lck-Cre transgene occurred somewhat later and was nearly complete by the DN4 stage (Supplemental Figure 1A ). Similar to the effect seen in hCD2-Cre mice, thymocyte development in Lck-Cre animals was blocked at the DN3 stage ( Figure 2A ). However, consistent with the known incomplete penetrance of Lck-Cre expression (27) , a small subpopulation (<10%) of thymocytes did not delete Snf5 until after the DN3 stage. Consequently, some cells proceeded past the DN3 stage and gave rise to mature Snf5-deficient peripheral T cells in Lck-Cre Snf5 fl/fl mice, a situation that did not occur in hCD2-Cre mice ( Figure 2B) .
In contrast to those of hCD2-Cre and Lck-Cre, the developmental effects caused by the CD4-Cre transgene differed substantially. This transgene reproducibly led to a loss of Snf5 protein within mature T lymphocytes but not earlier. Although CD4 is expressed by DP thymocytes, due to the relatively long half-life of the Snf5 protein, loss of Snf5 was not complete until mature T cells reached the periphery (Supplemental Figure 1B) . As a result, CD4-Cre Snf5 fl/fl mice, unlike the CD2-Cre and Lck-Cre mice, possessed normal thymocyte numbers and developmental thymocyte profiles (Figure 2A ).
To determine whether the Snf5-deficient lymphomas were initiated by stem/progenitor cells and later acquired a mature phenotype or whether they arose from mature cells, we aged cohorts of mice from each of the Cre-transgene expressing lines. Mice from the hCD2-Cre Snf5 fl/fl line aged normally and were not cancer prone. In contrast, all mice from both the Lck-Cre Snf5 fl/fl and CD4-Cre Snf5 fl/fl
Figure 1
Schematic of T cell development. CLP cells originate in the bone marrow and migrate to the thymus. Cells at the CD4 -CD8 -DN stage are divided into 4 sequential subsets (DN1-DN4) according to expression of CD44 and CD25. Expression of the pre-TCR at DN3 leads to progression to DN4, followed by expression of CD4 and CD8 and progression to the CD4 + CD8 + DP stage. Positive selection then leads to commitment toward the CD4 or the CD8 T cell lineage. Mature CD4 and CD8 single-positive cells then migrate to the periphery. The hCD2-Cre transgene is expressed at the CLP stage, leading to Snf5 deletion prior to arrival in the thymus. The Lck-Cre transgene is initially activated during early intrathymic development. The CD4-Cre transgene results in loss of Snf5 protein only in mature (CD4 and CD8) T cells in the periphery.
lines rapidly developed monoclonal/oligoclonal TdT -, TCR + , CD3 + , CD8 + , and CD4 -mature PTCLs ( Figure 2C and Supplemental Figures 2 and 3 ) located exclusively in spleen, liver, and occasionally lymph nodes but never thymus. Consequently, loss of Snf5 from mature T cells (CD4-Cre) but not early stem/progenitors (hCD2-Cre) resulted in lymphoma development.
CD8 + CD44 hi CD122 lo subpopulation of T cells is enriched in the absence of Snf5 and propagates lymphomas in vivo. In order to gain insight into the pathways and mechanisms driving oncogenesis, we next characterized the effect of Snf5 loss on T cell populations. We used a floxed GFP reporter transgene to identify individual cells that express Cre (Supplemental Figure 4) We next examined the Snf5-deficient lymphoma cells. A subpopulation of lymphoma cells (15% of total) expressed the CD44 hi phenotype, and a similar subpopulation of CD44 hi cells was noted in a cell line that we generated from a Snf5-deficient lymphoma ( Figure 3 , B and C). Since expression of CD44 is a marker of the self-renewing, tumor-propagating subpopulation in solid tumors of several tissue types (2, 29), we hypothesized that CD44 hi MP cells were responsible for sustaining the lymphoma. To test this hypothesis, we sorted the Snf5-deficient cell line into CD44 hi and CD44 lo fractions before incubation for 40 days in culture, followed by repeat analysis of CD44 expression. The phenotype of the CD44 lo fraction was stable: all cells remained CD44 lo after extended time in culture. In contrast, cells from the CD44 hi fraction gave rise to both CD44 hi and CD44 lo progeny ( Figure 3D ), thus recapitulating the parental lymphoma phenotype, consistent with the hypothesis that CD44 hi cells can self-renew and give rise to CD44 lo progeny.
As a more direct test of this hypothesis, we injected graded numbers of purified CD44 hi and CD44 lo lymphoma cells into recipient mice. None of the mice injected with 10 4 CD44 lo cells developed lymphoma, while all recipients of either 10 4 or 10 3 CD44 hi and 75% of mice injected with as few as 10 2 CD44 hi cells developed tumors (Table 1 and Figure 3E ). The heterogeneous expression patterns of CD44 in the secondary tumors resembled the phenotypic complexity of the lymphoma cells from which they were derived. These secondary tumors contained both CD44 hi CD122 lo and CD44 lo CD122 lo populations ( Figure 3F ). Together, these in vitro and in vivo observations indicate that CD8 + CD44 hi CD122 lo cells are the tumorpropagating cells.
We next evaluated whether lymphoma formation was dependent upon intrinsic properties of MP cells. To determine whether additional surface markers expressed by CD44 hi CD122 lo Snf5-deficient lymphoma cells were consistent with the surface phenotype of CD44 hi CD122 lo MP cells, we examined expression of CD25, CD62L, CD69, and CD127. In each case, we found the expression pattern was consistent with that of the CD44 hi CD122 lo MP population (ref. 28 and Supplemental Figure 5A ). Moreover, like CD44 hi CD122 lo MP cells and unlike naive cells and other MP populations, proliferation of Snf5-deficient lymphomas in culture was not enhanced by addition of recombinant IL-15 (Supplemental Figure 5B ), and these tumor cells grew in IL-15-deficient recipients with the same kinetics as in WT hosts (Supplemental Figure  5C ). We then performed array-based gene expression analysis of the purified progenitor fraction from the Snf5-deficient lymphoma cell line. We first compared the genome-wide expression signature of the Snf5-deficient lymphoma cells to a published data set containing both naive and memory expression signatures (23) . The analysis revealed that the gene expression program in the CD44 hi subset of lymphoma cells is distinct from that of naive T cells but highly similar to that of memory T cells ( Figure 4A ). In contrast, the gene expression signature of the CD44 lo subpopulation is distinct from that of both naive and memory cells. Next, we performed gene set enrichment analysis (GSEA) (30), using a set of genes specifically expressed in memory cells, and also found significant enrichment of this set within the CD44 hi CD122 lo lymphoma cell population (P < 0.0001) ( Figure 4B ). Finally, we specifically evaluated the expression of RANTES, a hallmark gene expressed in memory cells but not naive cells (31, 32) , and found that it was highly expressed in the CD44 hi CD122 lo subset ( Figure 4C ). To address the hypothesis that lymphomas arose from CD44 hi CD122 lo MP cells, we asked whether there was a correlation between enrichment of this population and the tumor-promoting activity of Snf5 loss. Brg1 is a core ATPase subunit of the Swi/Snf complex and, like SNF5, is mutated in a subset of human malignant rhabdoid tumors (10) . Inactivation of Brg1 results in alterations in T cell development that are nearly indistinguishable from those of Snf5 loss (33, 34) but never results in lymphoma formation, regardless of the promoter driving Cre expression (Mx-Cre, Lck-Cre, or CD4-Cre) (21, 33) . We evaluated peripheral T cells in CD4-Cre Brg1 fl/fl mice by immunofluorescence and found that, unlike Snf5 loss, Brg1 loss does not lead to enrichment of CD44 hi MP cells (Supplemental Figure 6 ), indicating a strong correlation between enrichment of MP cells in the absence of Snf5 and tumorigenesis.
Myc and stem cell-associated programs are aberrantly activated in Snf5-deficient lymphomas. These findings suggest that Snf5 loss preferentially promotes survival of MP cells and expression of a MP gene expression program within lymphoma cells. We next sought to investigate the mechanism by which Snf5 loss drives transformation of this population. We recently demonstrated that Snf5 loss leads to upregulation of stem cell-associated programs (35) . It has been reported that the similarities between gene expression programs in ES cells and cancers are due in large part to the pervasive activation of a Myc regulatory network rather than to a conserved stem cell program per se (36) . We therefore evaluated expression of the Myc regulatory network as well as the newly identified ES cell core module, which is more specific for ES cell identity. The Myc module is composed of genes that are common targets of 7 Myc network factors (Myc, Max, nMyc, Dmap1, E2F1, E2F4, and Zfx) (36) , while the stem cell core module is composed of genes co-occupied by at least 7 factors among 9 ES core factors (Smad1, Stat3, Klf4, Oct4, Nanog, Sox2, Nac1, Zfp281, and Dax1) (36) . We found that both the Myc module and the stem cell core module were enriched in lymphoma cells compared with WT T cells ( Figure 5A ). Western blot and GSEA further confirmed the upregulation of Myc itself and activation of an independently identified larger group of Myc targets ( Figure 5, B-D) . Notably, while these signatures were differentially expressed in the bulk Snf5-deficient lymphoma population compared with those in WT T cells, they were similarly activated in both CD44 hi and CD44 lo populations (data not shown). Consequently, the signatures reflected the effects of Snf5 loss but did not underlie the differential capacity of CD44 hi and CD44 lo cells to propagate or give rise to the bulk of the tumor. To determine whether these signatures were driven by Snf5 loss or were rather a general consequence of oncogenic transformation, we evaluated the signatures after Snf5 inactivation in non-transformed primary fibroblast cells. Importantly, in contrast to the lymphoma cells, Snf5 inactivation in primary fibroblasts results in cell cycle arrest (37) . Nonetheless, the Myc and ESC-like modules were both enriched upon Snf5 loss ( Figure 5 , E and F), indicating that these changes were caused by Snf5 loss and not simply due to increased proliferation or transformation. Lastly, we asked whether these signatures were similarly enriched in human SNF5-deficient malignant rhabdoid tumors and found this to be the case ( Figure 5G ).
Initiation and maintenance of Snf5-deficient lymphomas depends on TCR expression. While TCR engagement may be dispensable for the survival of some MP subsets, the CD8 + CD44 hi CD122 lo subpopulation is dependent upon TCR signaling for survival and expansion (28) . Although oncogenic transformation results in acquisition of unlimited proliferation and diminished dependence upon growth factors, cancer cells can retain residual dependence upon pathways that normally control proliferation within the lineage of origin, such as breast cancer dependence upon estrogen and prostate cancer dependence upon androgen. We thus investigated the dependence of the lymphoma cells upon TCR engagement and signaling. Of note, the CD3 receptor complex is highly expressed on the lymphoma cells (Supplemental Figure 7A) . Activation of TCR signaling results in the activation of NFAT1 through calcineurin-mediated dephosphorylation (38, 39) , which can then activate Bclx, rendering cells resistant to apoptosis. Western blotting revealed that NFAT1 was activated in Snf5-deficient lymphoma cells (Supplemental Figure 7B) , and both microarray and RT-PCR experiments revealed upregulation of NF-κB and Bclx in these cells (Supplemental Figure 7 , C and D), consistent with active TCR signaling.
We next evaluated whether the failure to provoke lymphomas when Snf5 is deleted in immature thymocytes by hCD2-Cre could be due to a lack of TCR signaling and whether it could thus be remedied by provision of a mature TCR transgene. We chose the OT1 αβ TCR to evaluate the role of MHC class I-restricted TCR signaling and introduced it into hCD2-Cre Snf5 fl/fl mice, which otherwise have a DN3 block and fail to develop lymphomas. The presence of the transgene resulted in presence of Snf5 -/-mature T cells in the periphery ( Figure 6A) , and all mice developed CD3 + CD8 + T cell lymphomas ( Figure 6B ), indicating that the addition of TCR transgene was sufficient to drive lymphoma formation in this model. To ask the reciprocal question, we evaluated whether elimination of TCR expression would block oncogenesis. We therefore crossed the Lck-Cre Snf5 fl/fl mice onto a Rag2 -/-background. The LckCre Snf5 fl/fl Rag2 -/-mice failed to develop lymphoma ( Figure 6C ). Together, these findings indicate that TCR expression is essential for tumor initiation in Snf5 mutant mice.
That TCR expression is essential for transformation led us to ask whether TCR-MHC interaction was essential for lymphoma maintenance and proliferation. We began by evaluating the effects of CD8 coreceptor blockade upon cultured lymphoma cells. Incubation of lymphoma cells in the presence of APCs led to robust proliferation ( Figure 7A) . Blockade of the CD8 TCR coreceptor by anti-CD8 antibody inhibited the proliferative response of lym- phoma cells ( Figure 7B ). Since this pathway depends on activation of calcineurin and can be inhibited by cyclosporin A (CsA) (40), we asked whether CsA treatment would affect lymphoma cell growth. CsA inhibited proliferation of Snf5-deficient lymphoma cells (Figure 7C) , and combined addition of CsA and anti-CD8 antibody to lymphoma cultures exerted a synergistic inhibitory effect ( Figure  7D ). Importantly, TCR signaling was essential for proliferation of the Snf5-deficient lymphoma cells and was not simply serving a T cell survival function, as the reduction in thymidine incorporation caused by TCR blockade occurred without an increase in cell death (Supplemental Figure 8) . Lastly, in order to more definitively test the dependence of Snf5-deficient lymphomas upon TCR signaling, we evaluated the role of engagement of the TCR by MHC/peptide ligand on lymphoma growth in vivo. Lymphoma cells from Lck-Cre Snf5 fl/fl mice were transferred into MHC class I-deficient
or control C57BL/6 hosts. Although NK lysis by MHC-deficient host cells would not be expected to diminish lymphoma growth, recipients were irradiated (4 Gy) to prevent potential NK effects. We found that lymphomas developed in all control C57BL/6 recipients but in none of the MHC class I-deficient K b-/-D b-/-hosts ( Figure 7E ), indicating that TCR engagement by MHC class I molecules is essential for lymphoma cell proliferation.
Downregulation of SNF5 in human PTCLs. Since Snf5 deletion in murine T cells leads to tumorigenesis in mature T cells, we asked whether SNF5 may play a role in the genesis of human PTCLs as well. Malignancies in T cells can be classified into 2 major categories: precursor T cell lymphoblastic neoplasms, which express markers consistent with maturing thymocytes, and PTCLs, which express markers consistent with mature post-thymic T cells. We used published gene expression data from human T cell cancers (42) to evaluate the levels of SNF5 expression. In normal
Figure 4
The CD44 hi subset of Snf5-deficient lymphoma cells has memory-like features. (A) Evaluation of global gene expression using KNN analysis. The signatures of CD44 hi and CD44 lo subsets from 4 independent Snf5-deficient lymphomas were compared with previously published gene signatures for naive and memory cell populations. Enrichment for the memory signature is indicated by an upward positive deflection of the bars, while enrichment for the naive signature is indicated by a downward negative deflection. (B) GSEA of a set of genes highly expressed in memory cells. Upward deflection of the green line indicates enrichment of the memory signature within the CD44 hi population (P < 0.0001). FDR, false discovery rate; NES, normalized enrichment score. (C) Relative expression of RANTES (top) and Actb (bottom) by sorted CD44 hi and CD44 lo Snf5 -/-lymphoma subpopulations determined by array-based gene expression analysis. Horizontal bars indicate the mean.
tissues, SNF5 is ubiquitously expressed. Using this data set, we found that SNF5 is expressed both in normal T cells as well as in immature lymphoblastic T cell leukemias and lymphomas (Figure 8) . However, we found that SNF5 is expressed at reduced to undetectable levels in 40% of PTCLs (Figure 8 ). To exclude the possibility that peripheral T cells intrinsically have substantial variation with respect to SNF5 expression level, we performed immunohistochemical staining of SNF5 in normal spleen, lymph node, and thymus from both humans and mice. We observed that T cells and thymocytes expressed SNF5 and that the staining intensity did not vary substantially (Supplemental Figures 9 and  10) . Consequently, the reduced levels of SNF5 in PTCLs compared with those in normal T cells and in lymphoblastic malignant cells raised the possibility of a causative link between downregulation/ inactivation of SNF5 and the genesis of human PTCLs.
Discussion
Transformation of mature T cells. Identification of the cells from which cancers originate has been an area of intense interest, albeit difficult to study. Although many tumors may well arise from relatively undifferentiated cells, some lethal cancers express features of differentiated mature cells. Perhaps the most suggestive examples are from human PTCLs that express monoclonal TCR or Ig rearrangements and express surface markers characteristic of mature T or B cells (43) (44) (45) . However, it is difficult to establish the cell of origin of these cancers in humans, because tumor initiation occurs long before patients come to clinical attention. Moreover, characterization of the tumor-propagating cells and evaluation of TCR signaling using xenotransplantation is difficult as these lymphomas are largely dependent upon the human microenvironment and do not grow well in mice (46) . Here, we have used a series of deleter strains to generate genetically engineered murine models of spontaneously arising PTCLs.
Snf5 is recurrently mutated in human cancers and has potent tumor suppressor activity in mouse models, but the underlying mechanism has been largely unclear. We and others have identified epigenetic antagonism between Polycomb and Swi/Snf complexes, and we recently reported an essential role for imbalance of this epigenetic relationship in transformation caused by Snf5 loss (35, 47, 48) . In addition, we found an important role for aberrant activation of the Hedgehog-Gli pathway, a mediator of stem cell identity, caused by Snf5 loss (49) . Here, we build on these findings by showing that Snf5 loss in T cells leads to activation of both Myc signatures and core stem cell-associated programs. Therefore, the effects of Snf5 inactivation in T cell lymphomas correlate with those in primary fibroblasts, suggesting a theme of epigenetically mediated activation of proliferation and stem cell programs after Snf5 loss.
Additionally, a major finding is that mature T cells that display a CD8 + CD44 hi CD122 lo phenotype consistent with that of a subset of memory T cells are uniquely responsive to the consequences of Snf5 loss, thus providing insight into the initiation and maintenance of these lymphomas. Given that (a) the lymphomas arise exclusively in the periphery, in which they involve the spleen, liver, and lymph nodes but never thymus; (b) that Snf5 protein is not fully lost until cells reach the periphery; and (c) that the propagating cells express high levels of CD44, which is expressed at low levels in CD8 + thymocytes but at high levels in peripheral memory cells, the tumor-originating T cell is likely mature and peripheral in nature. However, we cannot totally exclude initiation from a late thymic T cell. Memory CD8 + T cells are a unique population of differentiated cells that share several properties with stem cells, including longevity and continuous and slow self-renewal, combined with the capacity for extensive and robust proliferation (12, (50) (51) (52) (53) . Indeed, bioinformatic analysis has revealed that HSCs and memory CD8 + T cells share a similar transcriptional program of activation (54) and self renewal (23) , perhaps reflecting a predicted evolutionary co-opting of cooperative gene sets (55) . Collectively, our findings suggest that unlike mouse embryonic fibroblasts (MEFs) or naive T cells, memory T cells are intrinsically responsive to activation of these stem cell-associated and Myc programs, thus rendering them susceptible to transformation.
The CD8 + CD44 hi CD122 lo subset delineated in this report differs in several ways from canonical memory T cells. This cellular subset displays a high background rate of proliferation, expresses surface markers characteristic of recently activated T cells, preferentially homes to the spleen (the principal location of Snf5-deficient lymphomas), and has features of chronically activated T cells secondary to indolent infection (28) . As chronic infections are a well-recognized risk factor for development of several types of lymphoma, this opens the mechanistic possibility that chronic stimulation of memory cells results in enhanced susceptibility to oncogenic transformation. CD8 + CD44 hi CD122 lo memory cells, like Snf5-deficient CD8 + lymphomas, depend on TCR engagement and thus survive poorly in MHC class I-deficient mice (28) . Collectively, these properties and the high basal rate of proliferation may make this memory subset particularly susceptible to transformation. Lastly, while the precise molecular function of CD44 is poorly understood, this surface protein marks cancer stem cells in several types of solid tumors and is repressed by Snf5 (2, 29, 47). Consequently, it is possible that the high levels of CD44 expressed by CD8 memory cells and lymphoma-initiating cells described here may also contribute to cellular transformation.
TCR signaling and lymphomagenesis. It has been shown that many nonlymphoid cancers, such as prostate and breast cancers, continue to depend on physiologic lineage-specific signals, such as androgen and estrogen receptor signaling (56) (57) (58) . However, the role of immune receptor signaling in lymphoid tumors has been unclear. Intriguingly, recent data suggest that a chronic immune response to microbial or possibly self antigens may underlie the formation of noncancerous, age-related expansions of CD8 memory cells, suggesting that TCR signaling can contribute to clonal disorders (59) . With respect to PTCLs, genome-wide expression analyses have also revealed that PTCL cells are enriched for a gene expression signature of activated T cells (45, 60) . Moreover, it has recently been shown that the fusion of ITK-SYK caused by the t(5;9) (q33;q22) chromosomal translocation present in 17% of PTCLs can mimic a TCR signal and can drive tumorigenesis in a conditional mouse model (61) . However, any role for TCR engagement in malignancy has remained speculative. Collectively, our data demonstrate that, despite being monoclonal and transplantable, TCR signaling is essential for proliferation of these mature T cell lymphomas: low-affinity TCR-MHC interactions that promote survival of naive CD8 + T cells and the CD44 hi CD122 lo subset of memory CD8 + cells are sufficient to drive lymphoma expansion. While expression of a transgenic TCR is essential for lymphoma development in CD2-Cre mice, we cannot exclude the possibility that TCR signaling does not specifically drive initial transformation but rather facilitates maturation and is subsequently required to maintain proliferation of the lymphoma cells after transformation. The relevance of this model to human lymphomas is enhanced by our finding that 40% of human PTCLs express SNF5 at low or undetectable levels. It is noteworthy that while inactivating mutations of SNF5 drive cancer formation, hypofunction is also associated with cancer. For instance, inactivating mutations occur in rhabdoid tumors, while less severe mutations are found in familial Schwannomatosis (13, 15, 62, 63) . Similarly, reduced expression of SNF5 is associated with high-risk disease in acute lymphoblastic leukemia (64) . Additionally, 50% of T cell prolymphocytic leukemias carry deletions at 22q11, the region in which SNF5 is encoded (19) , and a possible role for haploinsufficiency of SNF5 in the genesis of these mature T cell cancers has been raised (20) . Similarly, Brg1-haploinsufficient mice are predisposed to breast cancers in which the remaining WT allele is always retained. Most recently, the ARID1A subunit of the SWI/SNF complex has been found specifically mutated in 50% of ovarian clear cell carcinomas (65, 66) . Notably, while many of these cancers have biallelic inactivating mutations and complete loss of the ARID1A protein, a substantial percentage harbor only heterozygous mutations and express some ARID1A protein, suggesting a haploinsufficient mechanism (66) . Collectively, it is clear that a reduction in the levels of expression of SWI/SNF subunits can drive cancer formation, and, consequently, the low levels of Snf5 that we've identified in human PTCLs suggest that SNF5 may well act as an important tumor suppressor in for these cancers. Blockade of TCR signaling may be therapeutically useful in peripheral lymphomas. Mature PTCLs are diverse morphologically but similar in that the majority express TCR and carry an extremely poor prognosis (44, 45, 67) . Treatment options for these cancers are limited and tend to be ineffective. The finding that murine Snf5-deficient lymphomas depend on TCR-MHC interactions led us to ask whether suppression of TCR signaling may be therapeutically beneficial, akin to estrogen or androgen blockade in breast and prostate cancers. Our results open the possibility that a similar approach may be effective for mature lymphomas. We have shown here that blockade of TCR-MHC interaction effectively reduces proliferation of established Snf5-deficient lymphoma cells. One of the downstream events after TCR engagement is activation of calcineurin, which leads to NFAT nuclear translocation/activation and upregulation of apoptosis resistance genes (38, 39) . Inhibition of the NFAT pathway by CsA can induce apoptosis, tumor clearance, and substantially prolonged mouse survival (40) . Since the effects of CsA on Snf5-deficient lymphomas are enhanced in a synergistic fashion by treatment with anti-CD8, administration of CsA in combination with upstream blockade of the TCR pathway may halt propagation of at least some PTCLs and is worthy of further investigation.
Methods
Snf5 excision PCR
Total genomic DNA extracted from sorted T cells was analyzed for snf5 excision by PCR. Primers used for the amplification of both the WT and nonrecombined f loxed allele are Snf5-1, CACCAT-GCCCCCACCTCCCCTACA, and Snf5-2, CAGGAAAATGGATGCAAC-TAAGAT. Primers used for the amplification of recombined floxed Snf5 allele are Snf5-3, AGACTGGCCTGATTTGTTTAATATG, and Snf5-4, TACACGATGAGATCTTGTCTCAAAA. PCR products were detected by either ethidium bromide staining of agarose gels or quantitative realtime PCR using iQ SYBR Green Supermix (Bio-Rad).
Mouse models and cell lines
Genotyping was done by PCR analysis of tail DNA as previously reported (22, 27, 68) . The Snf5-deficient lymphoma cell line was generated by 3 sequential adoptive transfers of CD8-enriched splenocytes originally from Lck-Cre GFP + Snf5 fl/fl tumor-bearing mice into irradiated C57BL/6 host animals, followed by culture of the cells in DMEM supplemented with 10% FCS. JAK3AV lymphoma cells were provided by the laboratory of Gary Gilliland (Harvard Medical School). Lck-Cre and CD4-Cre mice were obtained from Christopher Wilson (University of Washington, Seattle, Washington, USA). Mice were housed under pathogen-free conditions. Animal handling and experimental procedures were approved by and were in accordance with institutional requirements for animal care and use of The Harvard Center for Comparative Medicine (HCCM), Boston, Massachusetts, USA.
Cell preparations and flow cytometry
Data were collected using a FACSCalibur cytometer (Becton Dickinson) and analyzed with FlowJo software (Tree Star) or isolated by fluorescenceactivated cell sorting on a BD FACSAria sorter (Becton Dickinson). Fluorochrome-conjugated mAbs against CD3ε (145-2C11), CD4 (RM4-5), CD8α (53-6.7), CD25 (7D4), CD122 (TMβ1), and CD44 (IM7) were purchased from BD Pharmingen. The Mouse Vβ TCR Screening Panel was purchased from BD Pharmingen.
Tumor transplantation
Lymphoma cells were purified by negative selection using the mouse CD8 T lymphocyte enrichment set from BD Pharmingen according to manufacturer's protocol (catalog no. 558471) and then were transferred intravenously into sublethally irradiated (4 Gy) B6 (Charles River Laboratories), Kb -/-Db -/-(C57BL/6-H-2Kbtm1H-2Dbtm1, NIAID Exchange Program, NIH:4215; ref. 41) , or Il15 -/-mice (Taconic).
In vitro proliferation assay
Enriched CD8 T cells from tumor-bearing mice or littermate controls were cultured at varying concentrations with 2.5 × 10 6 irradiated T cell-depleted
Figure 8
SNF5 is expressed at low levels in human PTCLs. Heat map analysis of SNF5 in 33 PTCLs, 8 immature lymphoblastic T cell leukemia/lymphomas, and normal T cells isolated from either peripheral blood (C1 and C2) or reactive lymph nodes. The average expression of SNF5 across all the PTCLs is significantly lower than that in either normal cells (P < 0.003) or immature lymphoblastic T cell leukemia/lymphomas (P < 0.007). Horizontal bars indicate the mean.
splenocytes and either 1 μg/ml purified anti-CD8α (clone 2.43, National Cell Culture Center, Minneapolis, Minnesota) or 1 μg/ml purified isotype control (BD Pharmingen) or at the concentration of 4 × 10 5 cells per well in the presence of increasing concentrations of recombinant IL-15 (PeproTech). The Snf5-deficient lymphoma cell line was cultured in the presence of 1 μg/ml purified anti-CD8α or 1 μg/ml purified isotype control, with or without 5 mg/ml CsA (Sigma-Aldrich). Proliferation was measured by 3 H-Thymidine incorporation (2 μCi/well).
Antibodies for Western blots
Anti-Snf5 antibody (catalog no. 612110) was purchased from BD Biosciences, and anti-actin antibody (mAbcam 8226) was purchased from Abcam. NFAT1 antibody is a gift from Anjana Rao (Harvard Medical School). Myc antibody was purchased from Cell Signaling Technology.
RNA purification and RT-PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen) and reverse transcribed by the Reverse Transcription System (Promega). Gene expression was normalized to RPS8. Error bars in RNA analysis represent standard deviations of mean expression or fold changes based on at least 3 independent RNA isolations or are indicated in figure legends. Primers used for real-time PCR reactions are BclxL-F, CCTTCAGGCCTCTCTCTCCT, and BclxL-R, CCAGCAGCTCCTCACACATA.
Immunostaining
For immunohistochemistry, mouse and human tissues (thymus, spleen, and lymph nodes) were fixed in 10% formaldehyde, processed, and paraffin embedded; 4-μm sections underwent antigen retrieval (EDTA, pH 8, Invitrogen, catalog no. 00-5500) in a steam pressure cooker (Decloaking Chamber, BioCare Medical) and were stained with anti-CD3 (rabbit polyclonal antibody, Dako, catalog no. A0452; 1:250 [for human tissues]; 1:1,000 [for mouse tissues]) or with anti-SNF5 (BAF47) (mouse monoclonal antibody, BD Transduction Laboratories, catalog no. 612111; lot no. 04991 [250 μg/ml]; 1:100 [for human tissues]; 1:200 [for mouse tissues]). In addition, for mouse tissues, a Mouse-on-Mouse blocking reagent was used (Vector Laboratories, catalog no. MKB-2213). Diaminobenzidine signals were achieved according to manufacturer's protocol (EnVision Kit, Dako, catalog no. K4007 and K4011). For double staining on human tissues, anti-BAF47 antibody was used at 1:100 (diaminobenzidine signal), and anti-CD3 was used at 1:250 with the Vulcan Fast Red Chromogen Kit 2 (Biocare Medical, catalog no. FR805H). All human samples used were deidentified, discarded tissues.
Microarray hybridization and data processing
RNA purification. Total RNA was extracted using TRIzol Reagent (Invitrogen) and reverse transcribed by the Reverse Transcription System (Promega). The Raw Microarray data were deposited into the GEO data repository (accession no. GSE23659 [ref. 35] and GSE29732; http://www. ncbi.nlm.nih.gov/geo/).
Preprocessing. We processed the raw gene expression values with the robust multi-array analysis algorithm (69) using GenePattern software (70) .
Combining and clustering samples across microarray platforms. As data were derived from different Affymetrix platforms (Mouse Genome 430A 2.0 and U74v2; see http://www.affymetrix.com for details), we translated the expression measures from microarray-specific probe sets to platformindependent representative measures of gene expression. We mapped the Affymetrix probe set tags to UniGene (71) IDs and discarded UniGene IDs that were not common to both microarray platforms. With a list of common UniGene IDs, we translated each data set's expression values to scaled expression values that were consistent across the data sets, thereby making the distributions of gene expression values as similar as possible. This scaling lessened the experimental and computational artifacts among data sets. We did this translation with quantile scaling using the following steps. We calculated the mean expression value of each UniGene across all samples and stored these mean values in a database and sorted their ranks in a table. Then, for each sample, for each UniGene, we calculated each UniGene's rank, matched that sample-specific rank to the same rank in the database, and replaced that UniGene's expression value in the current sample with the corresponding expression value from the database.
Clustering and classifying. To calculate the similarity among the samples, we performed k-nearest (KNN) classifier (70) , with k = 3 to classify the CD44 hi and CD44 lo samples by using a previously published database of memory and naive cells as reference samples (23) .
GSEA. We created gene sets of the most differentially expressed genes (with a P value of less than 0.01 and fold change greater than 2) in either direction between the memory and the naive cells (23) . Then we performed GSEA (30) to measure enrichment of these gene sets in the CD44 hi and CD44 lo samples. For all GSEA runs, we used the signal-tonoise ratio to rank order the genes based on their ability to distinguish the reference classes, and we used 1,000 permutations for permutation testing for statistical significance.
Statistics
A 2-tailed t test was used to determine significance of difference throughout this study. Statistics were computed by GraphPad Prism 4. Error bars in all the figures represent SEM. A value of P < 0.05 was considered statistically significant.
